Hydrographic observations southwestward of the Southern California Bight in the period 1937-99 show that temperature and salinity variations have very different interannual variability. Temperature varies within and above the thermocline and is correlated with climate indices of El Niño, the Pacific decadal oscillation, and local upwelling. Salinity variability is largest in the surface layers of the offshore salinity minimum and is characterized by decadal-time-scale changes. The salinity anomalies are independent of temperature, of heave of the pycnocline, and of the climate indices. Calculations demonstrate that longshore anomalous geostrophic advection of the mean salinity gradient accumulates along the mean southward trajectory along the California Current and produces the observed salinity variations. The flow anomalies for this advective process are independent of large-scale climate indices. It is hypothesized that low-frequency variability of the California Current system results from unresolved, small-scale atmospheric forcing or from the ocean mesoscale upstream of the Southern California Bight.
Introduction
The California Current transports cool, fresh, and nutrient-rich waters from the North Pacific Ocean equatorward and, together with coastal upwelling, supports a highly productive and complex ecosystem. This system has sparked the interest of oceanographers since the early part of the twentieth century, and today more than 63 yr of ocean observations provide a unique opportunity to investigate multiyear and decadal changes in this eastern boundary current. Here, pronounced interannual to decadal variability of salinity in the California Current off southern California is investigated.
The California Current system varies on multiple time scales and reflects mesoscale processes, seasonal forcing, and remote forcing. Variability of sea surface temperature (SST) and sea level has been documented in a number of studies, and consistent relationships with local and remote forcing have been established. Changes of salinity, however, have received only intermittent attention, and no clear description of its anomalies has emerged.
Interannual anomalies of SST and sea level along the Pacific coast of North America are linked to equatorial and North Pacific wind stress, with the tropical influence dominant south of 31°N (Chelton and Davis 1982; Lluch-Cota et al. 2001) . During El Niño, sea level along the coast of California rises (Chelton and Davis 1982) , the thermocline deepens, and SST increases by typically 1.5°C, particularly during winter (McGowan et al. 1998; Lluch-Cota et al. 2001) . During La Niña the re-sponse is reverse but weaker, and SST anomalies are typically cooler by 1°C (McGowan et al. 1998) . El Niño induces SST anomalies along the coast of California after a lag of zero to two seasons with no discernible phase propagation from the Tropics. Regional atmospheric forcing generates temperature and sea level anomalies in the northeast Pacific (Emery and Hamilton 1985) and during the 1997/98 El Niño in the California Current (Schwing et al. 2002) .
SST variability in the California Current is also coherent with anomalies in the central North Pacific at interannual and longer time scales. The leading empirical orthogonal function (EOF) of SST in the North Pacific, the Pacific decadal oscillation (PDO; Davis 1976; Mantua et al. 1997; Schneider and Cornuelle 2005) , has large loading along the coast of California, with signs opposite to the central North Pacific. The "climate shift" of 1976/77 (Trenberth 1990 ) warmed the California Current (Bograd and Lynn 2003) through altered air-sea heat fluxes and Ekman advection (Miller et al. 1994) . The warming continued through the 1990s (Roemmich 1992) in concert with a depression of the main thermocline and a marked decrease of zooplankton (Roemmich and McGowan 1995) . Since local, upwelling-favorable winds had increased (Bakun 1990; Schwing and Mendelssohn 1997) , the warming and changes in thermocline depth resulted either from equatorial wind stress anomalies and wave propagation along the western coast of America (Clarke and Lebedev 1999) , or from surface heat flux anomalies (Di Lorenzo et al. 2005 ) and a local wind stress curl that affected temperatures above the top of the thermocline and reduced the horizontal slope of the thermocline (Roemmich and McGowan 1995) .
Salinity in the California Current varies on decadal and interannual time scales. After the 1976/77 shift, surface salinity within 500 km of the coast decreased by less then 0.1 psu, and subsurface salinity offshore increased by up to 0.1 psu (Bograd and Lynn 2003) . Decadal changes of salinity include a decrease of 0.2 psu from 1981 to 1994 off southern California (Roemmich and McGowan 1995) , and a salinity increase by up to 0.15 psu at the 10°C isotherm due to a lateral shift of water masses associated with a downward displacement of isotherms. Along central and northern California coastal stations, increases of upwelling inducing winds (Bakun 1990 ) during the last decades increased salinities along the coast (Schwing and Mendelssohn 1997) . It is not clear from previous studies whether the increase of salinity at the 10°C isotherm comes from salty water along the coast or lateral movement from off shore.
Various relationships of El Niñ o-Southern Oscillation (ENSO) and salinity in the California Current system have been reported. Conclusions drawn from data before 1984 are that during El Niño a freshening of the upper layers occurs (Hickey 1979) . However, more recent observations indicate that results differ between episodes. The 1941 The /42, 1982 The /83, and 1991 El Niños were associated with fresh offshore anomalies (Simpson 1992; Ramp et al. 1997) , while during the 1997/98 El Niño surface waters off southern California were saltier relative to La Niña events of 1996 and 1999 (Lynn and Bograd 2002) . Decadal salinity anomalies in the California Current have been used to delineate the effects of upwelling and long-shore advection on the nutrient budget and biological productivity (Chelton 1981; Chelton et al. 1982) . Upwelling and equatorward advection both supply nutrients to the surface layer, but upwelling brings saltier waters from the halocline to the surface while equatorward advection freshens the surface layer. Since high zooplankton concentrations are associated with low salinity and southward flow anomalies, lateral advection is the likely source of nutrient anomalies in the offshore, central part of the California Current.
The purpose of this study is to investigate interannual and decadal variations of upper-ocean salinity in the California Current system southwest of the Southern California Bight, using observations over a 63-yr time span. We use hydrographic data along a line southwest from the bight that has more observations than any other segment of the California Current. In section 2, the data and their analysis are discussed, followed by a comparison of temperature and salinity variations. Next, the relationships with local and large-scale indices of Pacific climate variability are presented. We then show that long-shore advection by anomalies of the California Current is the most likely mechanism consistent with the observations, and close with conclusions and implications.
Data

a. Hydrography
The principal data are temperature and salinity observations along a section from Long Beach, California, to 30°30ЈN, 124°W, more than 600 km offshore (Fig. 1) , from 1937 to 1999. This section is also line 90 of the California Cooperative Oceanic Fisheries Investigation (CalCoFI) survey that has been sampled from 1949 to present (Bograd and Lynn 2003) . Additional observations were collected during the late 1930s by H. Sverdrup and in several intervening years by the U.S. Coast Guard. The data typically have seasonal or higher time resolution, but with gaps in the late 1940s, between 1976 and 1981, and few observations in the offshore regions from 1953 to 1958 (Fig. 2) . The station pattern has changed over time, and has samples every 30-60 km, with the finer spacing close to the coast (Fig. 3) . The CalCoFI database was available online from http:// www.calcofi.org/data/data.html.
Observations of temperature and salinity are provided at eleven standard depths in the top 500 m of the water column, from which density and potential density are calculated. At every vertical level, the data are then optimally interpolated to a regular spatial grid and 3-month averages using a Gaussian covariance function with widths of 100 km in the horizontal and 150 days in time, and a signal-to-noise ratio of 0.1. Interpolated points removed by more than two Gaussian widths from the closest observation are marked as missing. Note that this interpolation smoothes the data relative to analyses that retain the variable station spacing (Bograd and Lynn 2003) . The climatological seasonal cycle is obtained by a least squares fit of annual and semiannual harmonics, and anomalies are estimated as deviations thereof.
Pressure and geostrophic velocities across line 90 are calculated relative to 500 m. In the following, we will use estimates of the anomalous, long-shore geostrophic flow in the center of the section from 122.5°to 120°W. To achieve a robust estimate that takes advantage of as much of the data as possible, the geostrophic flow anomalies are estimated from the regression of the pressure field to pressure indices averaged inshore and offshore of 121.5°W and in the top 50 m of the water column.
b. Climate indices
Conditions in the eastern North Pacific are characterized by climate indices of the ENSO, the PDO, and alongshore wind that produces upwelling along the west coast of North America. Three-month averages of all indices are formed to match the time resolution of the ocean observations with the center month shifted to explore correlations with monthly lags.
ENSO is measured by the average sea surface temperature in Niño-3.4, an area in the eastern equatorial Pacific (5°S-5°N, 170°-120°W). Its time series is provided by the National Centers for Environmental Prediction of the National Oceanic and Atmospheric Administration, and was obtained online from http:// www.cdc.ncep.noaa.gov/data/indices/index.html.
The PDO indices are based on the leading empirical orthogonal function (EOF) of SST in the Pacific north of 30°N (PDO/SSTPDO/SST; Mantua et al. 1997; Zhang et al. 1997 ) and on the North Pacific sea level pressure averaged from 30°to 65°N and 160°E to 140°W (PDO/AP; Trenberth and Hurrell 1994) . For interannual time scales, these two indices are highly correlated, and will be reported together. PDO/SST were available online from http://jisao.washington.edu/ pdo/PDO.latest, and PDO/AP was obtained from http://www.cgd.ucar.edu/ϳjhurrell/np.html. Upwelling in the California Current region is characterized by the long-shore component of the wind stress, with positive values of the index corresponding to increased upwelling. This index (CCUP) is calculated from the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996) as the average, long-shore wind stress from 33°to 38°N within 300 km of the coast of California (the first grid FIG. 3. Salinity (psu) at the surface along line-90 data as a function of longitude and time. Scale of salinity is given in color scale on the right. Dots mark positions of observations. Original data have been optimally interpolated onto a nominal line as shown in Fig. 1 . White areas have insufficient data coverage. point fully in the ocean). A trend to stronger winds (Schwing and Mendelssohn 1997 ) is removed to avoid spurious correlations in the subsequent analysis. CCUP and the curl of the wind stress on line 90 are correlated at 0.7, and CCUP is therefore an index for coastal and offshore upwelling.
Climatology of CalCoFI Line 90
a. Large-scale context Line 90 crosses the Southern California Bight and continues through the equatorward-flowing California Current to the offshore waters of the eastern Pacific (Fig. 1) . The region around line 90 experiences a net upwelling of cool and salty water at a rate of 3.4 ϫ 10 Ϫ4 cm s
Ϫ1
, with large variability, a net mean heat gain of 70-90 W m
Ϫ2
, and a net loss of freshwater through evaporation of more than 100 cm yr Ϫ1 (Roemmich 1989; Bograd et al. 2001) .
The core of the California Current transports lowsalinity subarctic waters into the higher-salinity subtropics. Because the rate of southward transport, and the rate of coastal upwelling of higher salinity are larger than the rate of horizontal mixing by ocean mesoscale eddies (Swenson and Niiler 1996; Cornuelle et al. 2000) or cross isopycnal diffusion, a surface salinity minimum is located several hundred kilometers offshore (Fig. 1,  left) . The southward advective convergence of salinity in a distribution of mean salinity in Fig. 1 by a current of 4 cm s Ϫ1 (Miller et al. 1999 ) distributed over 50 m of the upper layer is about 20 times larger than the surface flux of salt caused by evaporation of 100 cm yr
Ϫ1
. Thus, we anticipate that changes in evaporation are not as effective in producing surface salinity anomalies, as are changes in southward advection. Because there is a significant equatorward gradient of salinity, an increase of the strength of the southward flow would result in a decrease of salinity at line 90. Because there is an increase of salinity toward the coast, increased offshore flow would result in an increase of salinity simply because of the changes in the advection of the mean distribution of salinity.
SST decreases toward the north, and north of Point Conception, decreases toward the coast (Fig. 1, center) . The SST distribution is produced by the combined effects of net heating by the atmosphere, equatorward advection, coastal upwelling, and horizontal mixing by ocean mesoscale and cross isopycnal diffusion (Marchiesiello et al. 2003) .
Density ( Fig. 1 , right) varies little in the long-shore direction, since the density tendencies of poleward decreasing temperature and salinity balance. The crossshore density gradients, in contrast, are substantial inshore of the salinity minimum, since temperature and salinity both contribute to an increase the density toward the upwelling regions. Offshore of the salinity minimum, salinity and temperature increase and balance in their contribution to density, leading to small density gradients.
b. Temperature, salinity, and velocity sections
In the context of the large-scale structure of the California Current system, line 90 crosses through the coastal northward flowing currents, the Point Conception upwelling plume, and the offshore branch of the California Current. The thermocline (Fig. 4 , top) is located between 100 and 200 m, with an upward bulge at 119°W that marks the center of the cyclonic circulation relative to 500 m around the Southern California Bight. The thermocline also coincides with a halocline that varies in depth between 170 m offshore, and 120 m close to the coast, with low-salinity waters at the surface and a salinity minimum centered between 123°and 120°W (Fig. 4, center) . The 500-m relative geostrophic velocity normal to line 90 (Fig. 4, bottom) is northward in the Southern California Bight with a maximum speed at the surface of 3.0 cm s Ϫ1 . Offshore of 119°W, flow is equatorward with multiple cores. Centered at 120°W is a strong jet with a maximum equatorward speed of 4.9 cm s Ϫ1 and farther offshore are secondary, weaker jets with maxima of 2.4 and 2.9 cm s
Ϫ1
. The salinity minimum is associated with the offshore jets because the stronger southward flow core closer to shore contains saltier waters from the Southern California Eddy as well as from the upwelling plume at Point Conception (Di Lorenzo et al. 2005) .
These results are qualitatively consistent with Bograd et al. (2001) description of a section approximately 50 km further south using observations from 1984-97. Bogard et al.'s upper-ocean temperatures are approximately 1°C higher than in the 63-yr average shown in Fig. 4 , and the maximum normal velocity components were 9 cm s Ϫ1 at the 12°W core, and 6 cm s Ϫ1 in the offshore region. This reflects the warming of the California Current since 1977 (Roemmich and McGowan 1995) and is consistent with the observed acceleration of the California Current by 3-4 cm s Ϫ1 in the period 1980-90 relative to earlier decades (Di Lorenzo et al. 2005) .
Interannual and decadal variability
The time series of the anomalies of line-90 salinity and temperature have different characteristics where salinity variance is dominated by decadal time scales and temperature by interannual time scales and a
warming in the two decades after 1977. Since there are many studies of the seasonal cycle in the literature (e.g., Lynn and Simpson 1987; Bray et al. 1999; Di Lorenzo 2003) , we focus on the salient features of the interannual and longer-term variations.
a. Salinity and temperature variations and correlations with climate indices
The leading empirical orthogonal function of salinity ( Fig. 5) captures the essential part of its decadal variability. Its center of action is between 122°and 120°W in the region of the salinity minimum above the halocline (cf. to Fig. 4, center) . A secondary maximum is located west of 123°W at a depth of 100-150 m and coincides with the strong lateral gradient region southwest of the time-mean salinity minimum. Salinity varies by 0.2 psu and was low in the early 1950s, from 1966 to 1971, in 1978 and in the early 1990s. Salinity was anomalous high in the late 1930s, from 1956 to 1965, in the mid-1970s, and around 1990. The decadal variability dominates the variance, and is obvious in the raw observations of surface salinity (Fig. 3) .
The leading empirical orthogonal function of temperature ( Fig. 6 ) shows decadal anomalies with cool conditions in the mid-1950s and early 1970s, and warm conditions around 1960 and a pronounced "shift" in 1976/77 that is followed by a sustained warming. In addition, the principal component shows interannual variability, with, as shall be discussed more extensively below, warm conditions during the El Niño episodes of the tropical Pacific. Cool conditions have a less reliable relationship with La Niña.
The temperature variability is concentrated above 200 m, with largest values in the upper thermocline and the mixed layer. The loading pattern of the gravest EOF of both salinity and temperature are of single sign, and the principal component time series are therefore nearly identical to the time series of the spatial averages of temperature and salinity anomalies as, for example, reported from these data between 1949 and 1993 by Roemmich and McGowan (1995) .
The spectra of the leading principal components of salinity and temperature (Fig. 7) differ in shape at low frequencies. The temperature spectrum shows a peak at interannual time scales and is approximately constant for frequencies smaller than 0.2 cpy (cycles per year). The power of salinity increases roughly proportional to frequencies to the power of "Ϫ2," and is largest for lowest resolved frequencies, as is apparent in the time series. Interpreted as an autoregressive process driven by white noise (Hasselmann 1976) , the damping time scale for salinity corresponds to the lowest resolved frequencies, 0.1 cpy, and is 19 months or longer, suggesting that the negative feedbacks on salinity variability are weak.
A significant fraction of the temperature variance is coherent with both ENSO and the PDO time series (Fig. 8, left panel) . The lagged correlation of the leading principal component of temperature with Niño-3.4 peaks at 0.47 with Niño-3.4 leading by 1-5 months. The PDO/SST has the highest correlation of 0.56 at zero lag, as expected from the construction of the PDO/SST index. The correlation with the CCUP peaks at modest levels of 0.37, with increased upwelling being associated with cooler conditions. Through the span of 63 yr the leading EOF of salinity at line 90 lacks significant correlations with ENSO, the PDO indices, and CCUP (Fig. 8, right panel) . As we will see in the next section, ENSO has a strong correlation with halocline (or thermocline) heave. However, this variance does not project onto the leading mode of salinity variability.
b. Halocline heave
The time-mean temperature, salinity, and density fields imply that long-shore advection displaces thermohaline gradients without causing density anomalies or dynamical feedbacks. Vertical processes, however, move temperature and salinity stratifications that contribute to density changes in the same way and produce strong dynamical feedbacks to the circulation. This difference, a corollary to the aforementioned function of salinity in determining the roles of long-shore advection and upwelling of nutrients, is used to separate salinity anomalies in the surface layer from changes of the depth of the halocline.
Salinity anomalies SЈ are split into parts SЈ and SЈ Frequency spectrum of leading EOFs of temperature (gray) and salinity (black) anomalies. Spectra were estimated by least squares fit of the Fourier components to the data and smoothed by the running average of eight adjacent frequencies. The error bars are the standard errors of the averaged powers, and are only shown every third frequency. For reference, a Ϫ2 frequency slope is indicated in dark gray.
associated with anomalies of the density Ј and independent of density, by considering the in situ salinity S and density ϩ Ј relative to the mean salinity-density relation S(), SЈ ϭ S͑ ϩ Ј͒ Ϫ S͑͒ and
where the overbar denotes climatological averages of each season and at each location, and are determined from the data (Church et al. 1991; Bindoff and McDougall 1994) . Salinity anomalies SЈ result from a perturbation of the density field and are determined as the difference of the mean salinity at the in situ density and the mean salinity (at the mean density) at this location. Salinity anomalies SЈ on density surfaces are determined as the difference between the in situ salinity and the mean salinity at the in situ density. The variance of total salinity (Fig. 9 ) is located at and above the halocline (Fig. 4, center) . As expected from the leading EOF, salinity anomalies reach up to 0.15 psu between 122°and 121°W in the surface salinity minimum and even larger values at the offshore flank of the minimum. The variance above the halocline is dominated by SЈ (Fig. 9, bottom) and indicates that the salinity variations there are not associated with density variations. Salinity anomalies SЈ (Fig. 9, center) dominate in the halocline, and have a weak, but detectable surface maximum on the inshore flank of the salinity minimum at 120°W.
This weakness of SЈ above the halocline occurs despite large variability of density in the upper ocean. A similar split of temperature shows that its variance is dominated by changes of the order of 1 K associated with density and occupy the upper ocean in and above the thermocline. Temperature variations independent of density are also largest in the upper ocean but only reach values of 0.5 K.
The time series of SЈ in the halocline at the inshore and offshore centers of action (Fig. 10) are independent of the leading principal component of salinity. The coastal area has more pronounced interannual variability, while the offshore region is dominated by decadal variability and trend. The coastal signal of SЈ corresponds to a deepened halocline during all El Niño events with the exception of 1954 and 1966 (Fig. 10) . The coupling to La Niña events is less tight, in that there are a number of cold events with normal or deepened haloclines, for example 1955, 1968, 1976, and 1985 . There are also a number of large anomalies of the halocline not associated with recognized anomalies in the tropical Pacific, such as 1949 Pacific, such as , 1956 Pacific, such as , 1957 Pacific, such as , 1975 Pacific, such as , and 1994 . Nevertheless, SЈ has a high negative correlation with ENSO (Table 1 ) with a deeper (shallower) halocline and lower (higher) salinities during El Niño (La Niña).
The offshore variability of SЈ has much reduced correlation with ENSO (Table 1) , and is dominated by lower frequency variations that indicate a shallow halocline in the mid-1950s and early 1970s, and deep halocline during the early 1950s, 1960s through the early 1970s, and since the 1980s. Correlations of SЈ with PDO are weaker than for the leading principal component of temperature and suggest that the PDO signature in the California Current is partially a result of diabatic changes of the surface layer (Di Lorenzo et al. 2005) , rather than vertical deflection of the thermo-and haloclines. The upwelling index has a weak relation with the depth of the halocline, with a sign consistent with increased upwelling leading to a shallower halocline and saltier conditions. Overall, we note that the variations of the halocline are similar to the leading variations of temperature and are independent of the leading EOF of salinity.
c. Implications for vertical and cross-shore transport anomalies
The above analysis shows that the leading EOF of salinity is independent of density variability. This excludes vertical mixing or upwelling as forcing, since these processes act on the strong mean salinity and density gradients and result in correlated anomalies of salinity and density.
Similarly, anomalies of lateral exchanges between the salty and cool upwelling waters and the warmer salinity minimum should leave a signature in density. Anomalies SЈ have weak variability on the inshore flank of the salinity minimum in the upper 50 m of the water column, but are uncorrelated to the main salinity signal, and only of the order of 0.02 psu, much smaller than the offshore variation of salinity. In addition, changes in the eddy or mean transports act on a mean cross-shore difference of salinity (Fig. 4) smaller than 0.2 psu, too small to account for the observed magnitude, and should produce salinity anomalies that are of opposite signs in and offshore, unlike the main salinity signal. Thus, local cross-shore exchanges cannot be the generation mechanism for the salinity anomalies.
Salinity anomaly balance
In the following, we will demonstrate that the interannual and decadal salinity variations result from the accumulation of anomalous advection along the mean equatorward trajectory of water in the California Current. The anomalous salinity budget, averaged in crossshore and vertical directions over the core of the salinity signal close to the surface, 
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balances rate of change (storage) of salinity anomalies SЈ, advection of SЈ by the mean, long-shore current , and advection by the long-shore current anomalies Ј of the gradient of mean salinity ‫ץ‬ y S. The brackets denote the cross-shore and vertical average over the salinity minimum-that is, 122.5°-120°W, surface to 50-m depth.
a. Rate of change following the mean flow
Salinity variations in the upper ocean do not affect the air-sea fluxes of freshwater (at least for the order of oceanic salinity anomalies) and, relative to variations of the ocean's temperature in the mid-and low latitudes, affect the ocean density and dynamics modestly only. Therefore no process efficiently damps salinity anomalies in the same way as the air-sea heat flux counteracts anomalies of surface temperature. Imbalances in the salt budget lead to a rate of change of salinity and large variance at low frequencies (Hall and Manabe 1997) as seen in the spectrum of the leading principal components of salinity (Fig. 7) . This suggests that storage of salinity is an important process even at interannual and longer time scales.
Since a water particle advected by the California Current with a speed of 4 cm s Ϫ1 travels almost 1300 km in a year, the salinity balance at long time scales is not local, and the mean long-shore advection has to be considered. Salinity anomalies at line 90 result from the accumulation of the right-hand side terms of Eq. (1) along the mean equatorward trajectory of water in the California Current.
b. Anomalous advection
Anomalous long-shore advection has been invoked previously to explain the low-frequency salinity variations (Chelton et al. 1982) . Following this hypothesis, a decrease (increase) of salinity is associated with equatorward (poleward) flow anomalies, where the regression between the rate of change of salinity and the current is the average, long-shore salinity gradient. This hypothesis is tested in two related ways: by comparison of epoch averages of ‫ץ‬ t SЈ and of long-shore geostrophic flow Ј, and by integrating Eq. (1) and comparing the anomalous alongshore displacement ͐ dtЈ with salinity.
To determine the rate of change of salinity, we focus on the large salinity signal between 122.5°and 120°W in the upper 50 m of the water column. Its time series is virtually identical to the leading EOF of salinity in the entire section. From the time series, epochs are defined based on periods of consistent rate of change of salinity in the salinity minimum (Fig. 11, top) , and epoch averaged salinity tendencies are estimated by the least squares slope.
The epoch averages (Fig. 11) show decreasing salinities and equatorward current anomalies in epochs centered in years 1951, 1966, and 1987 , and increases of salinity and poleward current anomalies in the epochs of 1956 and 1973. This supports the anomalous advection hypothesis. During the late 1990 (epoch centered on 1997) the hypothesis does not work: the flow is equatorward, yet salinities do not decrease.
The scatterplot of epoch averaged salinity tendency and geostrophic flow (Fig. 12) shows the dependence of salinity storage and geostrophic flow, and implies a climatological alongshore salinity gradient of approximately 0.2-0.3 psu (1000 km) Ϫ1 , weaker than the climatological salinity field (Fig. 1) . Thus, anomalous advection can easily generate the observed salinity anomalies by displacement of the climatological gradients. In fact, the smaller-than-observed, implied climatological long-shore salinity gradient is consistent with lateral mixing that dilutes and spreads through the entire section the anomalies generated in the California Current. A more quantitative comparison without the need to subjectively determine epochs is to estimate salinity anomalies from Eq. (1) forced by anomalous advection. The solution for salinity is then given by the integral of anomalous advection along the particle trajectory from the North Pacific to line 90,
where y 0 is the location of the upstream condition. The factor ␥ describes the dilution due to cross-shore exchanges or due to the operator ͗͘ in Eq. (1) that spreads anomalies generated by long-shore advection in the salinity minimum to salinity anomalies coherent from the coast to the offshore limit of line 90. Thus 1 Ն ␥ Ͼ 0 where the top range indicates little dilution of the forced anomalies.
This solution shows that upstream boundary conditions and mean advection arrest the growth of variance at low frequencies by limiting the time particles are exposed to anomalous forcing on their transit from upstream locations y 0 with no (or statistically independent) anomalies. The low-salinity waters in the California Current originate from the North Pacific, about 1500 km up the coast (Fig. 1) , and we will assume, for lack of better knowledge, constant salinity there.
Assuming that Ј‫ץ‬ y S is independent of y, that is, that the anomalous flow is coherent along the California Current (Chelton 1981; Chelton et al. 1982) , the solution forced by the observed geostrophic anomalies (Fig.  11, bottom) is shown in Fig. 13 by the dark gray line. To achieve this solution, the integral was evaluated up to four years into the past, ␥ ϭ 1/3, and an alongshore gradient of salinity [0.5 psu (1000 km) Ϫ1 ] was assumed. While the fit is far from perfect and fails in the second half of the 1960s, the solution captures the freshening of the 1950s, early 1960s, and mid-1980s, and the increase of salinity in the mid-1950s and early 1970s. Note that the fresh conditions of the 1990s are reproduced in contrast to failure of the scatterplot during this epoch. The Fig. 11 and are indicated by their center year. Error bars denote 90% confidence intervals. The climatological alongshore salinity gradient of 0.3 psu (1000 km) Ϫ1 (Fig. 1 ) is shown as a dashed line and is consistent with the alongshore advection hypothesis in the 1950s, 1960s, and 1980s.
prolonged southward flow anomalies lasted longer than the advection time from upstream boundary conditions and lead to a saturation of the salinity at fresh anomalies.
The correlation of the model and observations is 0.41 and explains approximately 17% of the variance. This skill is significant relative to the skill obtained by integration of Eq. (2) forced by random noise time series with the same lag-1 autocorrelation as the observed velocities Ј. Five thousand salinity reconstruction forced by noise yield a 95% significance level of the correlation of 0.36, with less than 2% correlated at a level higher than the reconstruction based on the observed velocity time series.
The quality of the fit is rather surprising considering the underlying assumptions: The geostrophic flow estimates, based on coarse and irregular sampling, are likely contaminated by synoptic variations of the eddy rich eastern boundary region. Second, flow anomalies of line 90 might not be representative of anomalous advection in the upstream areas. Third, the upstream boundary condition of constant anomalies might not be correct. In fact, recent observations reveal significant variations of salinity in the Alaska Gyre (Large 1996; Overland et al. 1999) . How these observations relate to the source waters of the California Current is unknown.
Origins of the flow anomalies
The qualified skill of the anomalous advection hypothesis raises the question of the causes of the lowfrequency anomalies of the California Current. We investigate this question by studying the correlations of the observed geostrophic flow and pressure with the climate indices, and by exploring the relationship of the salinity and climate indices, when filtered as in Eq. (2).
Consistent with the independence of the salinity signal with the climate indices (Fig. 8) , both approaches indicated that ENSO, PDO, and the upwelling index account for only a small percentage of the variance of the velocity field. We are left with the tantalizing hypothesis that decadal anomalies of the California Current and strength of the salinity minimum result from forcing by unresolved atmospheric perturbations, or from forcing by synoptic ocean eddies that abound in this ocean area.
a. Analysis of ocean pressure
The geostrophic velocity anomalies in the area of the salinity minimum result from changes of ocean pressure at the inshore and offshore flanks. The time series of pressure in these two areas (Fig. 14) are very similar to SЈ in the halocline (Fig. 10) . Inshore of the salinity minimum ocean pressure has a high correlation with ENSO (Table 1) , with high pressure during El Niño, and low pressure during La Niña; offshore the correlation is much reduced. In comparison with SЈ the inshore and offshore anomalies of pressure have a higher correlation with PDO/SST, reflecting the large influence of surface temperature anomalies. The upwelling index shows also a modest effect on pressure, with stronger upwelling corresponding to lower pressure.
The geostrophic flow is the least robust of our results because of the differencing operator and because of aliasing of the synoptic eddies by the sporadic observations. In the salinity minimum the flow corresponds to the difference of pressure in the coastal area and offshore (Fig. 14) and indicates northward current anomalies during the mid-1950s, early 1970s, and early 1980s. Southward anomalies occurred during the early 1950s and early 1960s. Since the late 1980s and 1990s, the California Current has intensified its southward flow (Di Lorenzo et al. 2005) . Overall, the flow time series shows high variability that correlates neither with ENSO, nor PDO, nor the upwelling index (Table 1) , for raw and smoothed evolutions.
Considering the EOFs of pressure yields a similar conclusion. For pressure along line 90, both the first and second principal components are correlated with El Niño with opposite effects on the California Current. The first EOF indicates a slowing during El Niño, in accordance to the Chelton et al. (1982) estimate of the leading EOF of steric height off the entire California coast. The second EOF of line-90 pressure, however, suggests an acceleration. Together, the pressure EOFs yield an inconsistent relationship between El Niño and the cross-shore pressure gradient and suggest that the impact of El Niño on the California Current varies from event to event (Bograd et al. 2001) .
b. Regression analysis of salinity
The lack of correlation of the flow with large-scale indices suggests that its anomalies are either obscured by insufficient sampling, or are independent of the large-scale climate anomalies. If anomalies of the California Current result from large-scale climate forcing, salinity anomalies due to long-shore advection are a linear combination of climate indices, smoothed and lagged by the temporal filter implied by long-shore advection (2),
where R j are the large-scale indices, and ␤ j are the regression parameters determined by least squares fit. We investigate this hypothesis statistically (Chelton and Davis 1982) , and consider as the large-scale forcing indices Niño-3.4, the PDO, and the upwelling index CCUP.
The best-fit model explains less than 5% of the salinity signal, whether we employ PDO/SST or PDO/AP. The skill is worse than obtained from Eq. (2) forced with observed geostrophic flow anomalies Ј, or obtained by fitting Eq. (3) to SЈ with R j being the principal components of ocean pressure from line 90. The latter reproduces the observed salinity evolution with a correlation of 0.5 (Fig. 13, light gray line) , primarily due to the first principal component of pressure that accounts for 23% of the salinity variance. Note, however, that the variance this principal component shares with El Niño and PDO does not contribute to the skill of the fit.
The lack of correlation of the flow anomalies and salinity ( Fig. 8) with the large-scale indices leads us to hypothesize that either unresolved, small-scale atmospheric wind stress curl (Di Lorenzo 2003; Capet et al. 2004) or the vigorous mesoscale variability in this region modulates the low-frequency anomalies of the long-shore transport of the California Current, and thus controls the interannual and decadal evolution of salinity. Detailed modeling studies should be performed to explore these hypotheses.
Other processes a. Surface freshwater flux
The trends of salinity averaged over the vertical extent of the anomalies from the surface to 150-m depth (Fig. 11, top ) imply freshwater fluxes (Table 2) larger than observed anomalies of precipitation or evaporation. Multiyear precipitation anomalies would have to reach 100-200 mm yr Ϫ1 , much larger than the observed 20 mm or smaller wet season (winter) anomalies in the coastal regions of North America (Dettinger et al. 1998) . Latent heat flux anomalies would have to reach 10-20 W m Ϫ2 , again much larger than anomalies of the latent heat flux (Table 2 ) based on COADS observations (Cayan 1992) . Thus, anomalies of precipitation or evaporation cannot account for the observed changes of salinity.
b. River discharge
The Columbia and Fraser Rivers discharge significant amounts of freshwater into the coastal ocean off Oregon and Strait of Juan de Fuca upstream of line 90. However, interannual anomalies are not large enough to account for the observed changes. The standard deviation of annual discharges of the Columbia and Fraser Rivers are 1000 and 350 m 3 s Ϫ1 , respectively (Dai and Trenberth 2002) , with above-average flow of the Columbia in the early 1970s, and below-average flow in the late 1980s and early 1990s (Smith et al. 2001, their Fig. 15 ). In addition to being inconsistent with the changes of salinity during these time periods, a peakto-peak river discharge anomaly of 2000 m 3 s Ϫ1 , diluted over the California Current with a depth of 150 m, a width of 300 km, and a southward speed of 2 cm s Ϫ1 , changes salinity by 0.08 psu only, smaller than the observed anomalies averaged over this area (dotted line in Fig. 11, top) .
c. Upstream cross-shore exchanges
Upstream anomalies of the cross-shore exchange processes cannot be entirely excluded based on the line-90 data if, by the time waters reach line 90, adjustments have neutralized density perturbations while conserving the salinity perturbation. On seasonal time scales, the formation of seasonal equatorward jet leads to instabilities and eddies that move offshore and transport coastal waters into the subtropical gyre (Kelly et al. 1998) and provide an important heating of the coastal waters (Marchiesiello et al. 2003) . We speculate that a similar transport of salt by synoptic processes takes place, so that anomalies of eddy activity alter the lateral flux of salt and the strength of the salinity minimum. It remains to be investigated in future modeling studies, how the dynamical adjustment of the ocean and atmospheric boundary layers affect interannual anomalies of salinity and density downstream at line 90.
Conclusions
Temperature and salinity in the California Current have very different low-frequency variability. The leading signal of temperature is dominated by interannual time scales and shows a warming trend that commenced in the 1980s (Roemmich and McGowan 1995) . The temperature variations are correlated with ENSO and are coherent with the Pacific decadal oscillation.
The variability of salinity is dominated by decadal time scales, with changes of order of 0.2 psu, and fresh conditions in the early 1950s, from 1966 to 1971, in 1978 , and in the early 1990s. Salinity was anomalous high in the late 1930s, from 1956 to 1965, in the mid1970s, and around 1990. This variability is independent of the large-scale climate indices of ENSO and the PDO, of temperature variability, and of anomalies of halocline depth (which are correlated with ENSO).
The salinity variability results from anomalous longshore advection that is accumulated along the equatorward trajectory of water in the California Current. Other forcing such as surface freshwater flux, vertical mixing, vertical advection, and lateral exchanges are either too small to account for the observed changes, or imply a correlation of variations of salinity and density, inconsistent with the observed lack of associated lowfrequency salinity and density signals.
Since the interannual and decadal long-shore flow anomalies of the California Current are independent of the large-scale climate indices, we hypothesize that unresolved, small-scale wind stress curl, or intrinsic ocean mesoscale variations prevalent in the California Current (e.g., Di Lorenzo 2003) , randomly accelerate or slow the long-shore flow. Variations in the upstream cross-shore eddy salt transports could be an alternative generation mechanism for the low-frequency salinity anomalies, provided that adjustment processes diminish the associated density perturbation, while conserving the salinity anomalies. Clearly, the role of eddies in the decadal anomalies of salinity and long-shore flow needs to be clarified, and provide a rich area for analysis and experiments with high-resolution numerical models.
One additional piece of evidence for the accumulation along flow trajectories of long-shore advection anomalies stems from observation of plankton abundance in the California Current. Chelton et al. (1982, ) for data from 122.5°to 120°W and surface to 150-m depth. Second and third rows show the implied surface freshwater and heat fluxes required to attain these trends in a layer of 150-m thickness. The bottom rows show the latent heat flux at 35°N, 125°W and 40°N, 120°W observations (Cayan 1992) , and the geostrophic flow, estimated relative to 500 m from the hydrographic data. Positive freshwater fluxes correspond to increased precipitation, positive latent heat fluxes correspond to a transfer of latent heat (and freshwater) from the ocean to the atmosphere, and positive long-shore velocities correspond to poleward anomalies. 1949-53 1953-58 1958-62 1962-70 1970-75 1981-90 1990-2002 their Fig. 5) show that the dominant frequency of nonseasonal zooplankton concentrations, related to anomalies of alongshore advection, increases toward the south, from primarily interannual periods off San Francisco to decadal periods off Baja. This is consistent with anomalous advection, spatially coherent along the coast and with a white frequency spectrum, being accumulated along the southward trajectory in the California Current. Why do temperature and salinity have such distinct dominant variability? The preponderance of salinity variance at low frequencies results from a lack of negative feedback acting on surface salinity anomalies-the surface freshwater flux and other terms of the salinity budget are independent of oceanic salinity anomalies. This is in contrast to temperature variance that is bounded by feedbacks of the air-sea heat flux, and by its control of ocean density and dynamics. In addition, the climatological fields of temperature and salinity in the California Current suggest that the ratio of horizontal to vertical advection is larger for salinity than for temperature. In the California Current between 30°a nd 40°N (Fig. 1) , and between depths of 50 and 100 m (Figs. 4) , time-mean temperature varies by 4 K in the horizontal and 5 K in the vertical, while time-mean salinity varies by 0.8 psu in the horizontal and only 0.3 psu in the vertical. Thus, the ratio of long-shore to vertical gradients of mean salinity is nearly 3 times that of mean temperature. This implies that temperature is mostly affected by vertical processes, while for salinity lateral advection dominates.
In models, the lack of feedback between air-sea freshwater flux and surface salinity implies that any errors of the salt budget lead to erroneous storage. However, the common surface boundary condition of relaxing surface salinity to observations artificially limits the low-frequency variance. This poses a major challenge to ocean models that attempt to simulate low-frequency variations. This is particularly important since salinity anomalies in the California Current might affect eastern subtropical mode water (Hautala and Roemmich 1998) that is formed in the low-density gradient regions off the coast of California and Baja (Hosoda et al. 2001) . This suggests that the primarily low frequency salinity anomalies in the California Current are subducted into the thermocline and could play a role in decadal climate anomalies of the Pacific.
